ABSTRACT Resonance Raman multicomponent spectra of the light-adapted form of bacteriorhodopsin, bR", and its first photoproduct, K628, have been obtained at liquid nitrogen tem-peratures. The spectra of both bR' and K628 could be obtained with the known sample compositions under our irradiating conditions and computer subtraction techniques. In agreement with previous results, we find that both bR' and K628 contain chromophores linked to the apoprotein by protonated Schiff bases of retinal. Neither pigment form, suspended in H20 or 2H20, compares closely to the spectral features of all-trans and 13-cis protonated and deuterated model chromophores, respectively. The data are consistent with other results, suggesting that a chromophore isomerization takes place in the bR5-to-K628 phototransition. However, the exact structure of the in situ chromophore would appear not to involve simple trans-to-13-cis structures found in solution. 4) and a recent resonance Raman study (6) strongly suggest that both the L and the M intermediates contain a 13-cis-retinal chromophore. These results along with the photochemical similarities to visual pigments are in agreement with the suggestion that the primary photochemical event, the bRU-to-K628 transition, involves a trans-to-cis isomerization (7). A physiologically important consequence of isomerization is that the resulting charge separation could be the mechanism for the storage of a substantial portion of the photon's energy in the K628 intermediate (8). There is evidence that isomerization with concomitant charge separation is the primary photochemical event in an analogous retinal-based system, the visual pigment rhodopsin, although here the isomerization is 11-cis to (distorted) trans (8).
The purple membrane of Halobacterium halobium is synthesized in response to a state of oxygen depletion in the cell. It is capable of utilizing light energy to translocate protons across the cell, subsequently synthesizing ATP. The single protein component of the purple membrane, called bacteriorhodopsin (bR) , is responsible for its biological function (ref. 1 and references cited therein). The basic chromophoric unit of the physiologically active light-adapted form of bacteriorhodopsin, bRU, has been determined by chemical extraction (2) (3) (4) and analytical techniques based on flash photometry (5) to be alltrans-retinal. The chromophore is covalently linked to the apoprotein by a protonated Schiff base bridge.
Light absorption by bRU initiates the following sequence of reactions:
bR; -p K628 o-L550 -'M412.
t t
We study here the chromophore structural properties of bR's and K628 using resonance Raman spectroscopy. The bR5-to-K628 phototransition is responsible for converting light energy to chemical energy in the proper form needed to drive the subsequent thermal reactions that result in pumping protons across the cell membrane. Thus, an important question is what chromophore structural changes occur to form the unstable, high-free-energy K628 photoproduct. Chemical extraction studies (3, 4) and a recent resonance Raman study (6) strongly suggest that both the L and the M intermediates contain a 13-cis-retinal chromophore. These results along with the photochemical similarities to visual pigments are in agreement with the suggestion that the primary photochemical event, the bRU-to-K628 transition, involves a trans-to-cis isomerization (7) . A physiologically important consequence of isomerization is that the resulting charge separation could be the mechanism for the storage of a substantial portion of the photon's energy in the K628 intermediate (8) . There is evidence that isomerization with concomitant charge separation is the primary photochemical event in an analogous retinal-based system, the visual pigment rhodopsin, although here the isomerization is 11-cis to (distorted) trans (8) .
There have been several previous reports on the resonance Raman spectra of bRsA and K628 obtained by using special kinetic methods and flowing cells (9) (10) (11) (12) (13) . Here, we use the lowtemperature pump-probe technique, first developed by Oseroff and Callender (14) , in an attempt to obtain the spectrum of K628. Sample temperature is maintained near that of liquid nitrogen, which prevents the thermal dark reactions ofthe photocycle. bRU and K628 are interconvertible by light, so that a steady-state mixture of these pigments is rapidly established whose composition depends on the irradiating wavelength. The Raman spectrum is measured with a weak, fixed-probe beam, and the composition is controlled by the simultaneous application of a relatively stronger pump beam at a different wavelength. The individual spectra are obtained by computer subtraction of the mixed spectra. We find, in agreement with previous work (9) (10) (11) (12) (13) , that both bRU and K628 contain chromophores linked to apoprotein by protonated Schiff bases. The data are consistent with the idea that isomerization occurs in the primary photochemical transition. However, the results suggest that the in situ form ofretinal is neither the simple trans structure found in solution for bRQ nor 13-cis for K628.
MATERIALS AND METHODS Purple membrane fragments were prepared as described (15) . The sample was light-adapted by irradiating the fragments for 30 min at 10°C with 100 mW of568.2-nm laser light from a krypton ion laser. Absorption assays showed complete light adaptation. A drop of the aqueous suspension was deposited in a concave depression on a homemade cold finger connected to a liquid nitrogen Dewar flask and immediately cooled. The temperature was maintained at 85 K, and the Raman scattering was measured at right angles to the point of incidence on the sample. Resonance Raman spectra were obtained using a probe beam at 530.9 nm (approximately 7 mW) and a pump beam at 647.1 nm,.both beams produced from Coherent model 52 krypton ion lasers, as described in Oseroff and Callender (14) . Various pump-to-probe ratios were used; the data presented here are with a ratio of 15 to 1. Deuterated bR was prepared by repeated centrifugation ofpurple membrane fragments in 99.8% H20 (Sigma) with fresh aliquots of 2H20. All subtraction procedures were performed on the raw data. None of the spectra Abbreviations: bR, bacteriorhodopsin; bRU, light-adapted form of bR.
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presented here have been smoothed or averaged. The spectral region from 1400-1700 cm1 l in spectra c (Figs. 1 and 2) has been obtained separately at significantly higher signal-to-noise ratio by using larger integration times to highlight the details in this region.
Retinal Schiff bases were prepared by adding an excess of nbutylamine to precooled 0.1 mM retinal (13- Fig. 2 a, b, and c, respectively. Pump-probe power ratios of as high as 30 yielded identical results, showing that a pump-probe ratio of 15 to 1 indeed essentially saturates the photoreaction. The bRw" spectrum is essentially identical with the bRU spectrum taken at room temperature with the flow technique (9) (10) (11) 13) .
As is evident from a comparison of Fig. 1 b and the "fingerprint region" for this reason.
Comparisons of spectra from the deuterated samples with those of the protonated ones give some interesting results. In the 1100-to 1400-cm-1 region, the bR56`spectrum is essentially unchanged by deuteration (compare Fig. lb with Fig. 2b ). The same is true for the K628 protonated and deuterated spectra (compare Fig. lc with Fig. 2c ). The same comparisons concerning the all-trans and 13-cis model chromophores in Fig. 3 (Fig. 2b) . This confirms previous reports (9) (10) (11) 18 ) that the chromophore Schiff base linkage is protonated in bRU. Similarly, the band at 1637 cm-, observed in the spectrum ofK628 (Fig. ic) , moves 17 cm-' downward to 1620 cm-' (Fig. 2c) The observations that the 1100-to 1400-cm-1 spectral range, the so-called fingerprint region, is different for bRU-and K628
and that the pigment spectral characteristics are different in this region from the model chromophore spectra are quite interesting. The Raman bands in this region are thought to arise from C-C stretches and C-C-C and C-C-H bends. It is well known that the fingerprint spectral pattern is quite markedly affected by two structural attributes of the chromophore: the terminal end group and the isomeric form of the retinal. Because it is established that both chromophores have protonated Schiff bases as terminal end groups, it is quite tempting to conclude that an isomerization has occurred during the bRQ-to-K628 phototransition. This would be consistent with previous suggestions (7) that bRU and K628 have different isomeric structures.
On the other hand, previous work points toward a trans-to-13-cis photoisomerization (see initial remarks). Comparing the data for bRU and K628 to the model chromophores indicates the possibility of a more complicated interpretation. It has already been pointed out (9) that the Raman spectrum ofthe protonated Schiff base of trans retinal in the fingerprint region is not in close agreement with that of bRQ; this is confirmed here.
We also find that the two spectra behave differently upon sample deuteration. The trans model chromophore shows some small changes (compare Fig. 3 a and b) , whereas bR' is essentially unaffected (compare Figs. lb and 2b) . The same statements apply to the K628 data (Figs. ic and 2c ) and the 13-cis model chromophore data (Fig. 3 c and d 
